Fundamental and incremental changes in both the technology and methodologies used in imaging are transforming the way we undertake processing and imaging projects. The drivers for this change includes factors internal to the hydrocarbon exploration and production (E&P) industry (for example -the oil price and the increasing commoditisation of, particularly, the processing part of projects) and factors driven by the outside world (for example -the pace of computer development, both in hardware and software and the rise of cloudbased systems).
Introduction
Fundamental and incremental changes in both the technology and methodologies used in imaging are transforming the way we undertake processing and imaging projects. The drivers for this change includes factors internal to the hydrocarbon exploration and production (E&P) industry (for example -the oil price and the increasing commoditisation of, particularly, the processing part of projects) and factors driven by the outside world (for example -the pace of computer development, both in hardware and software and the rise of cloudbased systems).
In this paper we will look at how the future of seismic imaging is likely to be dominated by the influence of fundamental changes to the way we build models and images of the subsurface and the merging of these two end goals of a traditional imaging project. Amongst the relevant technologies we will discuss are full waveform inversion (FWI) and the goal of high-frequency interpretable models, reflection full waveform inversion and/or reconstructed wavefield inversion (RFWI), Least-squares reverse-time migration (RTM) and the ultimate goal of closed-loop solutions. We illustrate these changes with examples from recent imaging projects in areas of complex geology.
Transforming the future of seismic processing and imaging Development of most technology tends to follow an 'S-curve', described in Figure1, wherein the initial uptake and improvement of a method tends to be very slow, then improves rapidly as researches gain a full understanding of the technique, and then develops more slowly as the method reaches maturity. In the context of seismic imaging, and example is the maturity of ray-based topography and the emergence of FWI. Seismic imaging projects have traditionally followed a process which is directly analogous to the software development "waterfall model" i.e., one in which progress, and data, are seen to be flowing directly downwards (e.g. from field tape to final migrated image). The projects have followed this model because, since the early days of seismic processing and imaging, the cost of each computational step has been such that repeating the step on the whole data volume was prohibitively expensive. Hence, it was always imperative to complete full testing and verification of each processing and imaging step before running it across the whole data volume. However, the compute-resource available to most companies is now such that iterating on steps within a processing and imaging flow is feasible on a regular basis.
While general data processing developments are accumulating to provide a significant transition in the way seismic processing and imaging projects are completed, in parallel the last couple of years have seen the rapid adoption of new developments in key imaging technologies. In short, recent and ongoing research aims to push the limits of contemporary techniques, so as to sidestep the migration element, in order to directly deliver high resolution elastic parameter volumes, wherein the contributions of multiple reflections are exploited rather than suppressed. We can refer to these latter elements as being transformational, rather than incremental, workflows, involving 'closed loop', rather than 'open loop' solutions (Verschuur and Berkhout, 2015) .
The more traditional open loop solutions progress in the "waterfall" manner, i.e.:
1. Field data 2. Signal processing including demultiple, regularisation 3. Velocity model building 4. Migration 5. Post-migration processing/gather conditioning 6. Elastic impedance inversion
While there may typically be some iterations with the velocity model building, the progress towards the final imaging products (inversion volumes, image volumes) is essentially linear. In particular, while full-waveform inversion modifies the velocity model so as to iteratively match forward modelled data with field data the inversion is performed in the 'data domain', and still has limiting assumptions (e.g., acoustic wave propagation, band-limited data); the resulting model is not explicitly guaranteed to produce flat gathers in the image domain and thus optimise the image.
In contrast the ideal solution would be to use a 'closed loop' solution, ideally using a two-way elastic theoretical description. This solution would work by iteratively referring back to the field data, iteratively updating the earth model (which would be required to be parametrized in such a manner that it adequately allows for a fullelastic wave propagation) and at each step iteratively constraining wave-equation based image gathers to be flat. Ultimately, the inversion should lead to the derivation of interpretable high frequency elastic Earth parameter models, having made use of the full wavefield (including multiples and elastic mode conversion effects).
At the moment, most production imaging projects spend most of their human effort on the following tasks (in a waterfall like manner):  Separate 'signal' from 'noise': By 'noise', we mean anything that does not meet the assumptions of our (visco-) acoustic migration theory, such as: multiples, energy scattered from small heterogeneities, mode converted (shear) energy and noise from swell, cable tug, birds and buoys etc.  Build an anisotropic velocity model: When using ray-based tomography approaches we are generally modest in what parameters we try to estimate, often obtaining a smooth anisotropic velocity field suitable for Kirchhoff migration, with features with lateral scales equal to or greater than approximately 500m. However, when using ray-based tomography the ray-theory 'scattering limit' restricts us to a resolution of perhaps 5x the available sound-wavelength. With the application of full-waveform inversion -we can perhaps deliver resolution of about half the available sound-wavelength.
So, how is the seismic imaging industry moving from this typical production methodology towards the application of these transformational closed loop solutions in on a regular, commercial basis? One of the first steps is to break-out from the use of acoustic wave-equation full-waveform inversion (FWI) towards utilising more of the recorded signal in the data. One way of doing this is to use a reconstructed wavefield inversion (van Leeuwen and Hermann, 2013; Wang et al., 2017a) . The difference between the reconstructed wavefield inversion and acoustic FWI is that we include a data adaption step within the inversion. By analogy, in processing we often adapt the data to match the theory used in subsequent processes. For example, we perform multiple suppression, so as to prepare the data to meet the assumptions of the subsequent migration algorithm. Contemporary FWI typically uses acoustic, visco-acoustic, or quasi-elastic wave theory, hence the real field data do not match the underlying assumptions of the method. Thus, in reconstructed wavefield inversion, we alternate between adapting the data (to form a reconstructed wavefield), and updating the velocity model
In Figure 2 , on the left we see a typical conventional FWI velocity model result for a deep water offshore marine dataset (from Jones, et al., 2018) . This result was generated using 46 iterations of acoustic VTI wave-equation FWI, with fixed density model, utilising low frequencies (up to 9 Hz). It can be seen, when comparing with the coincident well-log, that the resulting velocity model shows accurate, high-resolution detail throughout the upper part of the sub-surface section. However, this model was essentially generated using the refracted energy in the shot gathers. To utilise the reflected energy within the inversion, the velocity model resulting from this conventional FWI was used as the starting point for reconstructed full-waveform inversion. The result of this subsequent inversion after a further 33 iterations to 20 Hz maximum frequency is shown on the right of Figure  2 . The high-resolution updates to the velocity model now extend to a greater depth within the velocity modelthe benefit of utilising the reflection data within the inversion scheme.
While moving onwards from conventional acoustic FWI in model-building attempts to compensate for the underlying 'bad physics' or 'bad data' that most service companies are typically employing, it is important to also mitigate for such inadequacies in the imaging algorithm itself. For example, most production RTM algorithms use an acoustic wave equation, and field data that are often poorly sampled. Least-squares migration aims to compensate for some of these issues, in that another iterative inversion loop is introduced so as to form an image consistent with the input field data (Guitton, 2004; Fletcher et al., 2016) . This is particularly important if gathers from wave-equation migrations are to be used in subsequent impedance inversions or ultimately as part of a full closed-loop solution. Conventional wave-equation imaging conditions (e.g. cross-correlation) only produce reliable amplitudes when the velocity model is correct, the acquired data is correctly sampled and the subsurface is fully illuminated in the area under consideration (Zhang et al., 2014) . To compensate for these conditions not being met, least-square migrations uses the following approach:  Imagine migrating some data to produce an image, and then de-migrating this image. If the conditions above were met and the physics was adequate, this de-migrated image would look exactly like the original input data that we'd just migrated.  However, if, as in reality, this is not the case, we can subtract the de-migrated image from the original data, giving a 'residual'. We can now set-up a least-squares iterative problem so as to minimize this residual by somehow modifying the image.
In addition, the extended source methodology adopted in reconstructed wavefield inversion can also be utilised to provide images with improved focusing and more balanced amplitudes (Wang et al., 2017b ).
However, it should be noted that none of these approaches simultaneously try to modify the subsurface model, and all still assume that data are multiple-free. To move to a full closed loop solution, the next steps are to integrate the extended waveform inversion schemes and the iterative migration algorithms into a unified framework. Figure 3 summarises the various taken over the past decades, moving from the open-loop 'waterfall' approach, to the closed-loop solutions described above.
Summary
It is clear that, despite many years of incremental improvements, the seismic method has not yet achieved its full potential. However, the increased cost-effectiveness of compute infrastructure (largely driven by factors external to the hydrocarbon E&P industry) is facilitating radical changes to way that service companies can undertake seismic processing and imaging projects. Beyond these incremental changes, the industry is enmeshed in a transformation in the way we exploit the recorded data. Moving from the conventional open-loop approaches, to more integrated closed-loop methods will enable us to better image and understand our reservoirs and thus lead to an associated reduction in exploration risk.
